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ARTICLE INFO ABSTRACT

Keywords: Opercula of the gastropod Bithynia tentaculata are composed of calcite, and are typically 2-4 mm in length. They
Imaging emit a thermoluminescence (TL) signal that can be used for dose reconstruction, and spatially resolved TL data
Luminescence from them can be obtained using an electron multiplying charge coupled device (EMCCD). However, when
EDIZItgc;?-Aalysis multiple measurements are made of the same sample with imaging detectors such as the EMCCD, registering the
Calcite different images is crucial so that when regions of interest (ROI) are defined they consistently relate to the same

TL part of the specimen. Previous work on opercula has undertaken this registration by hand, but this is prohibi-
tively time consuming and is also potentially prone to human error. An automated registration process is
described, and its use is illustrated using a dose recovery experiment. Without registration more than half of the
regions of interest defined across the operculum failed the recycling test, and for those ROIs which did pass
recycling the dose recovery ratio varied from 0.7 to 1.2. After registration more than 97% of ROIs passed
recycling and all these ROIs gave dose recovery ratios within two sigma of unity. The automated registration
process described here has potential for application to other types of solid sample such as rock slices provided
they are not perfectly circular.

1. Introduction

The majority of luminescence measurements for dose reconstruction
or geological and archaeological dating use photomultiplier tubes
(PMTs) to detect the emitted light. Such devices detect emissions from
anywhere across the sample, and do not normally provide any infor-
mation about which part of the sample is emitting luminescence.
Spatially resolved optically stimulated luminescence measurements are
possible with a PMT by scanning with the stimulation source (e.g. Bailiff
and Mikhailik 2003; Sanderson et al., 2001; Duller et al., 1999), but such
an approach is much more challenging for thermoluminescence (TL)
measurements. Spatially resolved TL requires some type of imaging
device. Devices for imaging luminescence emissions based around sen-
sitive photographic films or image intensifiers have been used for a
number of years (e.g. Walton and Debenham 1980; Hashimoto et al.,
1983; Smith et al., 1991).

The advent of charge coupled devices (CCDs) transformed digital
imaging, and although early devices had limited sensitivity they were
utilised in a number of luminescence applications (e.g. Duller et al.,
1997; Greilich et al., 2002; Baril 2004). Rapid improvements in digital
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imaging occurred, including the development of electron multiplying
charge coupled devices (EMCCD) where the read noise that is a common
impediment when using CCDs is overcome by multiplying the charge as
it is clocked out of the sensor and prior to digitisation (McWhirter,
2008). A number of experimental instruments have been developed
using such detectors (e.g. Clark-Balzan and Schwenninger, 2012), and in
more recent years they have been integrated into commercially avail-
able luminescence instruments (e.g. Richter et al., 2013; Kook et al.,
2015).

However, where analysis of a sequence of measurements of the
luminescence signal following different treatments is required, a chal-
lenge facing all imaging systems has been to accurately register the
images so that a signal measured from a region of interest defined in one
image is compared with the light emitted from the corresponding part of
the other images in the sequence of measurements (Duller et al., 1997).
This is true of all types of imaging (e.g. Sellwood et al., 2022), but is
particularly an issue with automated instruments where sample repo-
sitioning varies from one measurement step to the next, resulting in
samples potentially moving laterally and rotationally with respect to the
field of view of the imaging device. Kook et al. (2015) were able to
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automate this registration process for measurements of the OSL signal
from single grains by mounting grains within a specially designed holder
(Bgtter-Jensen et al., 2000) where the grains are spaced regularly and
their location can be determined using fixed locating holes. For other
types of samples mounted on the surface of a disc or cup and free to
move during measurement, registration remains a major challenge.

The calcitic opercula of Bithynia tentaculata are of interest for their TL
emission which grows to doses in excess of 8000 Gy (Duller and Roberts,
2018), meaning it is potentially able to date the entire Quaternary
period. The opercula are teardrop shaped and typically 2-4 mm on their
longest axis. Imaging using an EMCCD permits spatially resolved
equivalent dose determination using the TL signal, but registering the
images has been a major impediment to analysis of sequences of mea-
surements. Previous work by Duller et al. (2015) manually determined
the translation and rotation of the opercula using distinctive features on
the periphery of the opercula as markers. However, this approach is time
consuming, especially where between 30 and 50 images of each oper-
culum may need to be aligned for a single sequence of measurements,
and the approach is also prone to human error.

The aim of this paper is to describe the development of an automated
process of image registration capable of tracking each operculum,
dramatically reducing data processing time. The ImageJ suite of imaging
tools is used for some of the processing (Schneider et al., 2012),
implemented in FIJI, and the results integrated into existing analytical
tools for luminescence palaeodosimetry to allow equivalent dose (D)
determination.

2. Equipment and samples

All measurements were made on a Risg TL/OSL reader DA-20
equipped with an Evolve-512 EMCCD running at —80 °C. Focussing
within the control software was optimised for a wavelength of 550 nm
(the primary emission from opercula, Duller et al., 2009), with a height
setting of 0.9 mm, and opening the aperture to 21.9 mm for TL mea-
surements to maximise the collection of light. The 512 by 512 pixel
sensor yields an effective resolution of 19 pm per pixel. All thermolu-
minescence images were collected through a 2 mm thick Schott BG-39
filter, and after every measurement of luminescence the same EMCCD
was used to collect a reflected light image illuminated with the IR LEDs
(870 nm) operated at 0.1% of full power. The image was collected with
no optical filter, and with the aperture for the camera reduced to the
lowest setting of 2.2 mm in order to sharpen the image. This visible
image records the position of the operculum, and can be used to deter-
mine any lateral or rotational movement between measurements.
Opercula of the gastropod Bithynia tentaculata were picked by hand from
sediment samples, cleaned in an ultrasonic bath to remove adhering
sediment grains, and then placed on steel cups for TL measurement.

The data processing methods developed here are applicable to any
set of measurements, but are illustrated using a single aliquot regener-
ative dose (SAR) protocol developed for TL measurements of calcitic
opercula (Table 1). A typical SAR sequence for opercula generates six

Table 1
Single aliquot regenerative dose (SAR) protocol used for D, determination of
opercula.

Step Purpose

1 Regeneration Dose

2 TL to 320 °C at 0.5 °C.s ! Preheat

3 TL to 400 °C at 0.5 °C.s " Ly (signal)

4 TL to 400 °C at 0.5 °C.s ™! Ly (blackbody)
5 Test Dose

6 TL to 320 °C at 0.5 °C.s ™! Preheat

7 TL to 400 °C at 0.5 °C.s ™! T, (signal)

8 TL to 400 °C at 0.5 °C.s ' Tx (blackbody)

Note: During all TL measurements one data point (one frame) was collected per
degree centigrade (i.e. one frame every 2 s).
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EMCCD data sets per cycle, meaning that measuring the natural signal
and eight regeneration doses (including one or two zero dose points) will
produce 54 visible images for each operculum. The volume of data and
the need to register data reproducibly are the drivers for developing an
automated approach.

3. Automated identification of opercula, and assessing their
movement

The first objective in processing the visible images collected from the
Risg system is to isolate the operculum from the remainder of the image.
The initial 16-bit image (Fig. 1a) has the brightness and contrast
stretched (Fig. 1b), and a threshold is applied to convert the image to a
binary image, attempting to differentiate between the object of interest
(the operculum) and the rest of the image (the background) (Fig. 1c).
Whilst selecting a threshold value manually is possible, it is time
consuming and is generally not reproducible. A range of different
automated thresholding methods have been reviewed by Sezgin and
Sankur (2004), and many are implemented in ImageJ. The optimal
thresholding method for the current application appears to be that of Li
(described in Sezgin and Sankur, 2004) based on analysis of the entropy
of the image and the resulting binary image.

As well as picking out the operculum, the thresholding method also
normally picks out the edges of the steel cup where the infrared light is
reflected into the detector (Fig. 1c). To select only the operculum, dif-
ferences in the size and circularity of the cup edges compared with the
operculum are used. The final part of this initial identification of the
operculum applies a particle analyser function, set to only identify ob-
jects whose circularity is above a value of 0.10 and whose area is above
15,000 pixels (5.4 mm?). The resulting image only shows the operculum
(Fig. 1d) and from this image it is possible to determine the two-
dimensional morphology of the operculum, including the area, the
maximum length (the a-axis) and the width (b-axis).

Thresholding the image is a critical step in this process, and provides
an assessment of where the edge of the operculum is on each image. The
majority of opercula have very distinct edges, though in some cases it is
seen that the edges can be almost translucent, making it hard for the
thresholding to accurately define the edge. To assess how reproducibly
the thresholding is able to identify opercula, the morphological pa-
rameters can be calculated for each image within a sequence. A typical
example is shown in Fig. 2. The movement of the operculum laterally
and rotationally can be seen during 54 measurements (Fig. 2a). The area
calculated for each of the 54 visible images is shown in Fig. 2b, and for
this example this yields an average area of 40,078 pixels (14.5 mm?),
with a standard deviation of only 31 pixels (relative standard deviation
(RSD) of 0.08%). The a-axis of the operculum is also calculated for each
image, and this yields a value of 278.1 + 0.5 pixels (RSD 0.19 %),
equivalent to 5.3 mm.

Where analysis of a set of images from an operculum does not yield
consistent estimates of the area of the operculum this is a result of the
thresholding method not consistently isolating the operculum and may
result from subtle changes in lighting as the sample rotates. Such failures
are unusual, but where they occur they can normally be resolved by
picking an alternative thresholding method, either based on entropy like
Li (methods such as those by Renyi or the Maximum entropy method), or
based on attribute identification (such as the Huang method).

4. Registering images

The opercula being studied do not deform during measurement and
so they can be treated as a rigid-body. To register the multiple images
collected during a sequence requires calculation of the lateral movement
of the object and any rotation. Such information could be derived from
the a-axis positions shown in Fig. 2a, but since this only measures the
maximum dimension of the operculum it is prone to errors. A more
robust approach is to determine the movement of the whole object by
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Fig. 1. Initial processing of visible images to identify an operculum. The raw image (a) collected from the EMCCD has its brightness and contrast enhanced to
produce image (b). A thresholding method is applied to binarize the image (c), and additional processing is undertaken to remove the extraneous parts of the image
by identifying the largest particle and the one that has roundness between 0.1 and 1.0 (d).

using the method of Thévenaz et al. (1998) which seeks to minimise the
mean square intensity difference between images by rotation and
translation, thus using all the features of the outline of the operculum.
The resulting registration values can be used to rotate and translate the
visible images, and animation of these transformed visible images pro-
vides a rapid method for the analyst to qualitatively assess the success of
the registration process (Supplementary Information S1). This visual
record shows the extent to which the operculum moves, but also shows
that the steel cups in which the sample is mounted tend to rotate, and are
also subject to small lateral movements.

Rotating the visible images is suitable for providing a qualitative
assessment of the success of the registration process, but this approach is
not applied to the images of the luminescence signal. Instead a coordi-
nate system is defined for each image, based on the orientation of the
operculum. The translation and rotation determined by the method of
Thévenaz et al. (1998) is then applied to the coordinate system to mirror
the movement of the operculum (Fig. 3). The result is that a region of
interest (ROI) that is defined in the coordinate system remains fixed
relative to the object of interest. This is based on the approach that was
previously adopted for single grains in the Viewer + software (as out-
lined in Kook et al., 2015), but in that case the orientation of the sample
disc was determined by tracking the three locating holes around the
periphery of the single grain discs used. Adopting this same approach
here makes it possible to use the Viewer + software to perform the signal
integration, whilst accounting for movement of the sample on the disc,
as well as movement of the sample holder itself.

5. Implementation of tracking and registration algorithms

Data collected using the EMCCD system implemented by Kook et al.
(2015) consists of a complex pattern of files, consisting of
multiple-frame TIFF files for the luminescence data, a separate
single-frame TIFF file of the reflected light image of the sample collected
after measurement of the luminescence, and a single BINX file that
contains data about the measurement conditions, but no luminescence
data. To implement the approach described here involves a series of
operations in ImageJ, manipulation of the results from tracking, and
then creation of data that allows a coordinate system to be defined for
each aliquot, and regions of interest defined across the surface of the
object. An ImageJ macro has been written in the FLJI environment to
automate the first 7 steps of this process (Fig. 4) (Duller and Roberts,
2024). The data for defining the coordinate system, and the definitions
of the regions of interest are then transferred to the BINX file within a
specially modified version of the Analyst programme (Duller 2015).
Viewer+ is then used to integrate the luminescence data in the regions of
interest to generate TL glow curves for each ROI in the BINX file. Within
Viewer + we also use a routine based on the use of a median filter to
remove the impact of hotspots on our extracted TL data. The BINX file
can then be analysed using Analyst, with each ROI appearing as a “single
grain”. The raw luminescence images collected by the EMCCD are also
available within Analyst, and the position of each ROI within that image
is shown.
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Fig. 2. (a) Movement of one operculum during a sequence of 54 measurements.
Each pixel images an area 19 by 19 pm on the sample. The black lines show the
position of the a-axis of the operculum. The outline of the operculum identified
by the thresholding method is shown for measurement 1 (in red) and mea-
surement 54 (in blue). (b) In spite of the movement of the operculum, the
measured length of the a-axis and the area of the operculum remain consistent
across all 54 measurements. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article).

6. Application of the registration process for dose recovery

To assess the accuracy of the tracking and registration process
described above, a dose recovery experiment was undertaken. An
operculum that had previously been heated to 400 °C and had any
natural TL signal removed was given a dose of 405 Gy, and the SAR
sequence shown in Table 1 applied to attempt to recover this dose. A set
of 8 regeneration doses, including two measurements of the response to
zero and 324 Gy was undertaken.

The data set was first interrogated by summing the emission from a
single circular region of interest that covered the entire sample cup, and
thus was not affected by movement of the operculum. This yielded a
single value for the dose recovery ratio of 1.02 + 0.03. Spatially-
resolved data analysis was then undertaken by defining a grid of re-
gions of interest (ROIs) across the surface of the operculum. ROIs were
chosen to be 15 pixels by 15 pixels (approximately 285 by 285 pm) in
size. The choice of ROI size is arbitrary and other values could be used,
but as smaller ROIs are used signal intensity decreases, and this can lead
to more noisy data. Additionally, since luminescence may be emitted in
all directions from both the surface and the interior of the operculum,
some spatial averaging of the emitted signal occurs, and so there is little
point using an ROI that is much smaller than that used here. The regular
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Fig. 3. The first (a) and last (b) image collected for the operculum shown in
Fig. 2. The coordinate system defined for each image is shown and can be seen
to be translated and rotated with the operculum. The blue dots three artificial
markers that are used for processing and do not represent any physical markers.
A set of regions of interest (15 by 15 pixels in size) are also shown in red, define
within the coordinate system. The yellow bar shown in (a) is the position of the
1500 pm long transect shown in Fig. 6. In order to make the transect visible on
this figure, the thickness of the transect is approximately double its actual
thickness (~57 pm).

grid of ROIs was restricted to the outline of the operculum defined by the
threshold step described in Section 3. ROIs were defined where the four
vertices all fell within the outline of the operculum. At the margins an
ROI was included where three of its four vertices fell within the oper-
culum, but if two or more vertices are outside the operculum it was not
included. Using this procedure 177 ROIs were defined across the surface
of the operculum.

Two analyses of the data were undertaken to determine equivalent
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Fig. 4. Flow chart of the operations required to process opercula luminescence data. The parts of the process automated in ImageJ, and those requiring Analyst and

Viewer + are shown.

dose values, and hence calculate the spatially-resolved dose recovery
ratio. The first was designed to illustrate what happens if no allowance is
made for movement of the operculum. In this case the position of the
ROIs was defined in terms of the 512 by 512 image array, and no
correction was applied to allow for movement of the operculum within
the image. The second analysis used the tracking and registration pro-
cedure to define a coordinate system, and the coordinate system was
moved relative to the position of the operculum. The ROIs were defined
within this coordinate system, and hence moved with the operculum.
It is no surprise that in the first analysis, the outcome of failing to
correct for movement of the operculum is that many of the ROIs yield
dose response curves that appear very noisy, that 85 out of 177 of the
ROIs yield recycling ratios outside the range of 0.9-1.1 (no account has
been taken here of the uncertainty on the recycling ratios), and that even
where the recycling ratio does fall within the range 0.9-1.1 the values of
the dose recovery ratio vary from 0.7 to more than 1.2 (Fig. 5a). How-
ever, when the procedure described in Sections 3 and 4 is applied to
define the ROIs in terms of a coordinate system that moves with the
operculum, 172 out of 177 ROIs yield recycling ratios within the range

0.9-1.1, the values of dose recovery are consistent with unity within two
sigma, show little scatter (Fig. 5b), and have an overdispersion value of
0.0 %. The mean of the dose recovery ratio data for the 172 ROIs that
passed the recycling criterion is 1.00 + 0.02 (uncertainty expressed as a
standard deviation of the 172 ROI values).

To further illustrate the impact of the registration process upon the
TL data, a profile of the TL signal intensity across the edge of the
operculum was calculated for each preheat of the test dose. The preheat
of the test dose was selected because the low temperature (~100 °C) TL
peak provides an intense signal, and shows limited sensitivity change.
The transect was 1500 pm in length, and was 3 pixels wide (~57 pm).
Prior to registration the transect is defined in relation to the camera and
the edge of the operculum is seen to move relative to this coordinate
system (Fig. 6a), but when the transect is defined in terms of the coor-
dinate system derived from application of the registration procedure
outlined in Fig. 4, the edge of the operculum remains at a constant po-
sition (Fig. 6b).
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Fig. 5. Abanico plots showing the result of a dose recovery experiment for an
operculum given 405 Gy. A grid of 177 regions of interest (each 15 by 15 pixels
in size) were used for analysis. (a) When the position of the ROIs is not cor-
rected for movement of the operculum a wide range of dose recovery ratios is
seen. (b) When the tracking and registration process described in the paper are
applied and used to define a coordinate system for the ROIs, the values of dose
recovery ratio are consistent with unity and within the two sigma band.

7. Discussion

Opercula placed on steel cups undergo movement between mea-
surement steps, and the steel cups upon which they sit also rotate and
undergo some limited lateral movement. Correcting for this movement
is crucial prior to the analysis of signal intensity of regions of interest to
ensure that the TL emission is consistently being observed from the same
part of the sample. The process outlined here provides a reproducible
and rapid method of registration and has been implemented using the
ImageJ Macro language to automate the process. The method outlined
here moves the regions of interest to ensure that they follow the

Radiation Measurements 172 (2024) 107084

20000

—— Cycle 1

-

a

o

o

o
L

5000 H

TL intensity (50-120°C)
=
o
o
o

0 T -
0 500 1000 1500
(b) Distance along transect (um)
20000
—— Cycle 1
Cycle 2
— Cycle 3
© 15000 - — Lycled
o — Cycle 5
o —— Cycle 6
8‘ — Cycle 7
=22 —— Cycle 8
‘a, 10000 A B — Cyc|eg
2
<
£
1 5000 -
'_
0 : ; —
0 500 1000 1500

Distance along transect (um)

Fig. 6. TL signal intensity across the edge of the operculum for each of the 9
cycles of the SAR sequence. The position of the transect is shown by the yellow
bar on Fig. 3a. The TL signal resulting from preheating the test dose is summed
from 50 to 120 °C for a transect 3 pixels wide (~57 pm) and 1500 pm long. (a)
Transects obtained prior to any registration of the TL data, and (b) after
application of the registration process described in Fig. 4.

movement of the sample. An alternative approach could be envisaged
where the luminescence images collected are rotated and translated.
This approach would make subsequent analysis simpler, but rotation of
images without altering the intensity is extremely difficult, and makes
that approach less viable. Once the regions of interest have been defined
by the ImageJ macro and added to the BINX file, Viewer+ is used to then
sum the signal from the regions of each luminescence image file to create
a BINX file containing TL glow curves for each ROI. Further streamlining
of the workflow could be achieved in the future by using ImageJ to
perform this summing, though it would likely be significantly slower
than Viewer+.

The method described here has been designed specifically for anal-
ysis of opercula, but the same principle could be extended to look at
other solid samples, such as slug plates (Duller et al., 2009), and rock
slices, though it should be noted that the procedure described here is not
applicable to perfectly circular objects as any rotation would not be
detected. Modification of the rock slices by cutting notches into them,
working with non-circular slices or some similar approach, would be
needed to allow this procedure to work. The approach could also be
adapted to enable registration of images captured by different cameras
mounted on the same instrument, such as the imaging infrared photo-
luminescence (IRPL) detector SIRIOL (Gunn et al., 2022).

As well as allowing automated registration of images, numerical
processing of the images also allows automated quantification of other
parameters such as object surface area, the a- and b-axis length, and the
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degree of circularity to be calculated, and these parameters would be of
value for dosimetry calculations of such objects.

8. Conclusions

The results shown here demonstrate that the method outlined in
Fig. 4 provides an accurate and objective method for registering images
of opercula, enabling the establishment of a coordinate system that
tracks the object being measured. By defining regions of interest in
relation to this coordinate system, the ROIs track the object even if it
moves or rotates during a sequence of measurements. The registration of
images is essential for spatially resolved analysis of these opercula,
including calculating spatially resolved equivalent dose determination.
The approach could also be extended to a range of other samples that
could be analysed using imaging luminescence detectors.
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